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1. INTRODUCTION

There are many methods available to monitor atmospheric
aerosols near the ground and in the stratosphere where vol-
canic dust may remain for years. The technique of interest
to this report involves the measurement of neutral points,
directions in the solar vertical where skylight is unpolar-
ized. Many measurements of sky polarization, especially the
position of the neutral points, have been made since 1886
after the eruption of Krakatoa. Regarded as one of the first
objective methods wused to study the properties of atmo-
spheric aerosols, the position of the neutral points shows
seasonal variations and strong deviations during highly vol-
canic periods. Recently, extreme results were obtained in
late 1982 in Hawaii following El Chichon's eruption.

Using customary visual observations, Volz has monitored
the position of neutral points known as the Arago and Babi-
net points from Bedford and Lexington, Massachusetts., A
third neutral point called the Brewster point is more diffi-
cult to observe and will not be discussed in this report.
The data encompass an 18 year period beginning in 1968 and,
therefore, provide an excellent opportunity to study how
neutral points respond to varying tropospheric turbidity and
layers of stratospheric dust. Although not the aim of this
report, these new observations might, on the basis of good

knowledge of aerosol parameters and theoretical tools, be




used to interpret the historical record of neutral points

Sekeral, Jensenz. .

1.1 Organization of the Report

The present effort is a partial evaluation of the se- .
ries of observations made by Volz. Chapter 2 presents a
brief discussion of the nature of Arago and Babinet points. .
Chapter 3 presents the contents and organization of the neu-
tral point database--key material for the present study.
Chapter 4 discusses ithe effects of tropospheric turbidity,
sea surface reflections and snow cover on the neutral point
data. Chapter 5 describes the method of removing the effects
of tropospheric turbidity on the position of neutral points. -
These turbidity corrections are necessary because the move- :
ment of neutral points resulting from day-to-day changes in :
turbidity may overshadow any movement caused by strato-
spheric aerosols. Until now, such corrections could not be F

made because turbidity was not an accurately measured quan-

tity. In Chapter 6, the neutral point data is presented in D
a manner which reveals their complex behavior in response to ]
the injection of volcanic dust into the stratosphere. Tt N

specifically focuses on the eruptions of Fuego in 1974 and

1978, and of El1 Chichon in 1982. Chapter 6 also includes a

AP T

brief comparison of the measurements made by Volz with those

1. Sekera, 2. (1956) Recent developments in the study of
the polarization of skylight, in Advances in Geo- k
physics, Academic Press, Inc., New York, 3:43-104. N
2. Jensen, C. (1957) Die Polarisation des Himmelslichtes, )
in Handbuch der Geophysik, Borntraeger, Berlin,
8:527-620. "
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from othe researchers. Finally, Chapter 7 summarizes our

results.

2. THE ARAGO AND BABINET PUINTS
2.1 Explanation of the Neutral Points

Arago and Babinet points result from the interplay be-
tween primary and higher-order scattered sunlight. Insight
can be gained into why these neutral points are observed
through the following argument., First, consider a single
scattering atmosphere composed entirely of small spherical
particles. Here, one would observe nearly unpolarized light
when looking very close to the sun. This is because sunlight
is unpolarized and as a result, the light scattered in the
forward direction by spherical particles will be unpolarized
also. Now consider an atmosphere where higher-order scatter-
ing is important. This time, an observer looking towards the
sun will see light which has been scattered at least once
from angles other than forward direction. Because this light
is, in general, partially polarized, the observer will mea-
sure partially polarized light when looking near the sun.
Extending the argument a little further, the addition of the
multiple-scattered to primary-scattered light (having a dif-
ferent state of polarization), will lead to zero polariza-
tion being observed at other locations 1in the sky. Speci-
fically, the Babinet point 1s usually found about 20 degrees
above the sun and the Arago point (only observable when the

sun is low in the sky), is about 20 degrees above the anti-
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solar point. <Calculations by Chandrasekhar3, which 1ncorpo-

rate higher-order scattering into a Rayleigi: atmosphere,
confirm the presence of Arago and Babinet pcoints. bExtended

calculations have been performed by Coulson et ald.

2.2 Pactors Influencing Neutral Points

Inturtively, one would expect the Aragoe and Balbiinet
points to depend on the vertical distribution and the opti-
cal depth of the scattering aerosol. The first factor will
be important especially when a volcanic dust layer 1s pre-
sent. For a Rayleigh atmosphere, the effect of optical depth
on neutral points has been i1nvestigated by Holzworth ana
Rao? using the calculations by Coulson et ald, They have
shown that both the Aragyo and Babirnet points 1ncreasc as op-
tical depth 1increases. Consequently, one would expect the
position of neutral points to depend on the solar elevataion
angle because the optical depth of the atmosphere 1s a tunc-
tion of solar elevation angle. 1n addition, assuming that
aerosols have similar effects as ailr moulecules, one may ex-
pect a seasonal variation in the pousition of neutral points.

Thi1is 1s because a summer sky 1s usually hazier than the win-

ter sky.

3. Chandrasekhar, S. (1950) Radiative Transfer, Oxtord
University Press.

4, Coulson, K.L., Dbave J.V., and Sckera 2. (14960) Tables
Related to Radiation Emerging from a Planectary
Atmosphere with Rayleigh Scattering, University ot
California Press, Berkley and l.os Angeles.

S. Holzworth, G., and Rao C.R.N. (1965) Studies of sky-
light polarization, J. Opt. Soc. Am. 55:403-408.
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Because nultiple scattering 1s very much influenced by

reflection phenomena, the presence of clouds and the type of
ground surtface {snow or water, 1n particular) may also af-
fect the pesatuon of  newtral points. These effects cause

Leise 15 the data and put restraints on interpretation.

J.3 Measurement of Neutral Polints

Sl LeelTa. .0t ata werle takKel at twe leocations be-

SRRV A et tie o cay tor twilignht and dawn vary greatly

Sl T e g Ao boroe Geophysics Laboratory (AFGLI,
Wi o Y 2 T A the hiorizen were possible, was
Tt Donert weesita, s baervations  during the winter.
MeoaL LTelte Dt we 2 dat Badte gt the Volz home. At this loca-
: Pawe v, toaeltra, o poo.nts tormally could not be observed

totreelr Lot oon o argle wasn shaller than 7 to 14 degrcees.
LEpartant s otuat.ons, such  oas the presence of volcanic

.

CLtlidr, atterpts were nace to tind better locations for the

The teutral posints were tound with o visual polariscope
that Lot a ravart prism oas a4 polarizer and a colorless  Po-
tarcaa falter ao oarn analyzer. When viewed through this in-
strument, the  Leutral puints appear as a gap in the polar-
1zat:ron fringes  commonly known as a  "bridge." A  pendulum
witlt, an  ¢levation angle  scale has  been mounted on the in-
strurent so  that when o neutral point 1s  in the line of

saght, 1ts  clevation can be read instantly. Errors associ-

atea with this neasurement technique are 0.5 degrees for the

5
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Arago point and 1.0 degrees for the Babinet point, but very
weak fringes sometimes caused larger errors.

The primary data were obtained by measuring the angle
between the horizontal direction and each neutral point as a
function of time, that 1is, at odd solar elevation angles.
Since it 1is customary to express the Arago and Babinet
points as the angle between zero polarization and the anti-
solar and solar direction respectively, the elevation angles
of the Arago and Babinet points were converted to solar dis-
tances:

DA = Aragqgo elevation angle + H
and

DB = Babinet elevation angle - H,
where H is the unrefracted solar elevation angle associated
with a particular observation of a Arago or Babinet point
(see Figure 1). Hereafter, any reference to the Araqgo and
Babinet points will be 1in terms cof DA and DB unless stated
otherwise. DA and DB were then plotted against the solar
elevation angle for angles between +20 to -6 degrees and the
values at nine fixed solar elevations were determined by
linear interpolation. For the purpose of analyzing the
data, it was helpful to also calculate the difference, DBA =
DB-DA. Figure 2 provides an example of these plots using
data representative of nonvolcanic periods. The data and
plots were then carefully checked for error. Since the in-
terpolation was made irrespective of large gaps in H, im-

proper values were removed. Also, extrapolation over not
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more than 2 degrees in solar elevation was added where war-
ranted.
The new data file for fixed H i1s the subject of the
. present work. The choice of the fixed H angles reproduces
the course of the original observations very well except for
the times when the volcanic influence caused DA and DB to
change rapidly as a function of solar elevation angle. This
volcanic effect on DA and DB was observed only after the ar-
rival of the El Chichon dust cloud (see Figure 3). Near sun-

rise and sunset, better agreement between the primary da:a

and the interpolated values would have resulted if an addi-
tional fixed solar angle of 1.5 degrees had been used. The
El Chichon effect also caused the measurements at a given H

to change considerably from set to set until late 1984.

3. THE DATABASE
3.1 Neutral Points

The database consists of approximately 1300 sets of ob-
servations in all. Each set contains values for DA and DB at
some or all of the following solar elevation angles: 20, 14,
10, 6, 3, 0, -2, -4 and -6 degrees. Measurements were taken
both in the morning (M) and in the evening (E), and have
been noted accordingly. The data encompass the time period
extending from October 1968 to June 1986, but there is a
large gap from 1977 to 1980 when no measurements were taken.
Furthermore, the observations are spurious in nature and

tend to occur in groups of a few clear days because observa-

B T R S N S I VA U W
M e '.J:..fu\_\.‘_sﬁ.‘?mﬁ.t.5‘&.‘('.--\";\'k'(u"c‘\*u’xn‘.m*k N



o
-
"
— \ '
&3 [ T
waT
e
o | .
L
a
S k O 12/ 7/82 Evening
L A 12/13/82 Evening
o + 1/ 1/83 Evening
™ - X 1/ 3/83 Evening
- ¢ 1/ 4/83 Evening
o
(a) ‘
20 16 8 4 -4 -8
H (DEGREES)
3‘{: /
- O 12/ 7/82 Evening
- A 12/13/82 Evening
o+ + 1/ 1/83 Evening
[~ x 1/ 3/83 Evening
[ & 1/ 4/83 Evening
od
n e
= 1/
Wt
o :;////
Ty
w 1
a 9
\-¢¢__‘
~N
m 4
o
Q]
N
©_]
o] .
(b) NN NSNS NN N
T I T T { T
20 16 12 8 4 0 -4 ~
H (DEGREES)
Figure 3. The El1l Chichon Effect on (a)
DA and (b) DB and DBA for Selected Days
Between December 7, 1982 and January 4,
1983
10

!- ’.
AT N
) AL&.E.-A.‘-‘..A}.LJ Nt .\_,. '_r-‘.n




BITWITER TGN FuS N Tus u-.x.unwmmmwvwmmmm
< i ol o35 7

tions can only be made in essentially cloud-free conditions.
Figure 4 shows the number of morning and evening observa-

| tions as a function of month and year.

3.2 Other Parameters

In addition to the neutral point data, six parameters
are included which attempt to characterize the optical state
of the atmosphere: atmospheric turbidity, turbidity type,
cloud conditions and snow cover, solar aureole and the loga-
rithm of the ratio of red to green 1light in the twilight
sky. These parameters could prove helpful when analyzing the
neutral point data. Atmospheric turbidity, plus cloud and
snow cover are described below because they are of some in-
terest to the current work. The other parameters are summa-

rized in the Appendix.

3.2.1 Atmospheric Turbidity

In this report, the term "atmospheric turbidity" will
refer to the aeroscl optical density (B) at a wavelength of
500 microns. The aerosol optical density is related to the

aerosol optical thickness by

B = Aerosol Optical Thickness/2.30.

Values for B were obtained by means of sun photometer mea-
surements of the solar intensity. The measurements were gen-
erally taken shortly before sunset or after sunrise. In some

cases however, the values had to be estimated from noontime

11
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measurements because of cloud and horizon conditions. For
values of B less than 0.1, the error in the B is 0.0]1 1in
magnitude and for higher turbidities, it is 10% of the value

. of B.

3.2.2 Cloud Condition and Snow Cover

As a rule, measurements were taken only when the local
sky was nearly free of clouds. Small transient clouds were
tolerated as 1long as they were not in immediate vicinity of
the neutral points. The presence of clouds and snow cover
are coded 1in the database according to the numbering scheme
described in Table 1. A value for the cloud condition was
chosen so that it represented the average cloud cover ob-
served during the course of a whole set of morning or
evening measurements. Also, the code numbers from 50 to 53
indicate that the snow cover, within 10 km of the observa-

tion site, was estimated to be at least 30%.

3.3 oOrganization of the Database

Before the neutral point data could be analyzed, it was
necessary to update the existing data with additional data
provided by Volz and to then reorganize the database. The
first task was done by merging a data file composed entirely
of new data with original data. The new data consisted of
additional measurements of the neutral points and the opti-

cal parameters discussed 1n previous section. A unified data

format was then developed because the original data had been
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Table 1. Cloud and Snow Cover Codes Used in the Neutral
Point Database

*

Code Number Observed Condition ‘
l
00 No Clouds
0l Clouds less than 5 degrees above the horizon

in the direction opposite to the sun

02 Clouds less than 10 degrees above the horizon
in the direction opposite to the sun

10 Thin cirrus less than 5 degrees above the R
horizon in the direction of the sun

11 Thin cirrus and altocumulus .
less than 10 degrees above the ,
horizon in the direction of the sun Y

|
i
12 More dense clouds less than 10 ; :
degrees in the direction of the sun ; o
22 Clouds less than 10 degrees above the : K
horizon at all azimuthal angles i ;
”
33 Same as code 22 plus scattered clouds higher I ;
up | \
34 Clouds all over sky, but less than 5/8 ! :
' coverage : 2
| .
40 Cirrus and haze over much of sky i :
50 Snow cover, cloudless skies
51 Snow cover, plus the sky conditions in codes :
11, 12, and 22 :
}
52 Snow cover, plus the sky conditions in code 4
33 -
' 53 Snow cover, plus the sky conditions in code S‘
34 ~ =
)
* From 1974 to 1986 no observations were made during cloudy =
conditions described by code numbers 12 to 34, 52, and 53 jj
‘&
>
::
14 ‘
e
\:.
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given in different formats. The new format permits easier
access to the data when performing statistical and graphing
tasks. An example of the newly adopted format 1s given in
Table 2. Each line corresponds to a particular date when
neutral point data were taken. Missing neutral point data
are represented by zeros.

At this point, the data were checked as much as possi-
ble for errors (i.e. duplicate records, typos, obviously
wrong data, etc.). Also, any observations made at locations
other than Bedford or Lexington, Massachusetts were with-

drawn. This is why some line numbers do not contain data.

4. THE EFFECTS OF VARIOUS OPTICAL PARAMETERS ON THE NEUTRAL
POINT DATA

4.1 Atmospheric Turbidity

As mentioned in Chapter 2, the amount of scattering by
aerosols will affect the position of the neutral points. To
determine the extent of this effect, scatter plots of the
neutral point data as a function of the observed atmospheric
turbidity were constructed. Separate plots were made for DA
and DB, and for each fixed solar elevation angle. When mak-
ing the scatter plots, only the data taken prior to the ar-
rival of the El Chichon dust cloud were used because it was
clear that the presence of the cloud altered the location of
the neutral points much more than changes in tropospheric
turbidity {(and 1in a way that was different from the turbid-

ity influence).
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Figures 5a and 5b give plots of DA and DB respectively,
as a function of atmospheric turbidity for a solar elevation
angle of 6 degrees. For brevity, only the results at this
sclar angle are presented; similar trends in the data were
observed at the other solar elevation angles(see Figures 6
and 7). Figure 5a suggests that for turbidity values less
than 0.1%, DA increases rapidly as turbidity increases and
it approcaches an asymptotic 1limit thereafter. For turbidi-

ties greater than 0.3, there is some indication that DA de-

creases, but there are too few data points to substantiate

this trend. Fiqure 5b indicates that DB also increases as a :t
function of turbidity, however, not as much as DA. g“
a0

-~

N

~

«

4.2 Sea Surface Reflection

For observations of DA made at a lake or sea shore,
Fraser® showed that a decrease of up to 4 degrees can be ex-
plained if Fresnel reflection from the water surface is con-
sidered. Furthermore, both observations and theory agree
that such effects on DB (in the morning observations), are
less likely. Since our data were obtained 10 to 20 km from
the Atlantic Ocean, one needed to determine if the samec ef-
fects could still be observed. Therefore, morning and
evening observations of each neutral point were compared be-
cause the neutral point-ocean-sun geometry 1s (for most of
the year), different at these times. To avoid any confusion

with volcanic effects, only the data prior to 1982 was con-

6. Fraser, R.S. (1968) Atmospheric neutral points over
water, J. Opt. Soc. Am. 58:1029-1031.
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sidered. Furthermore, those records of data having turbidi- Oy
~
ties greater than 0.3 or cirrus clouds present at the time g
.
of observation were not 1ncluded.
-
Figures 6a and 6b separate DA and DB according to ;
'.
morning and evening observatiocns for a sclar elevation angle y
=
of 14 degrees. Figure 6a irndicates that are no systematic
\,
differences in UA tor the twoe tines of cbh.servation. The same 3.
. . . i o
analysis was performed for the other pos.tive sclar eleva- e
-
tion angles arnd no distinct aitferences were obscerved., In
_ , -
light of this, 1t was felt that the Atlantic was too far -
. : %
away to affect evening chservations of L4 and, therefore, no ::
, -
correcticns for it were necessary. o
%
Interestingly, Figure 6l suggests that cur morning ob- o
l-..
. N
servations of DB may be lower than those taken 1n  the -
:,-\
evening. These differences however, are tcoo small to be of .
importance and therefore, morning and evening observations o
of DB wi1ll not bLe treated difterently 1 the remainder of -7
1\’
this report. -
-
v
4.3 Snow fover N
N
An  analysis similar to that 1 Sect:ion 4.2 was per- J'
formed for snow-coveroed and bLare-ground cenditions. This was o
)
deemed necessary because the amount of sunlight reflected by f}
Y
a snow-covered surtace 1s substantial, ecpecirally when com- oy
fared with o vegetat:ve one. Previous  work by Neubergen >
7. N(%ub(:rgvr‘,‘_ﬁi'a( 1941) The intluence of the snow cover T2
cn the posaition of Arago's neutroel point, Bull., Amo SN
Meteorol . Soc. 22:348-341. :: :
o
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suggests that DA may be lowered by about ¢ deqrecs over
snow-covered fields due to the i1ncreased multiple scatter-
ing.

In Figures 7a and 7b, DA and DB at a solar elevation of

20 degrees are separated according tc snow and non-snow sur-

face conditions. No systematic differences occured between
the two types of surface conditiors. Similar conclusions
have been made by Chandrasekhar3. His calculations showed

that the position of a neutral point is relatively inscnsi-

tive to ground albedo.

5. TURBIDITY CORRECTIONS APPLIED TO THE NEUTRAL POINT DATA

The previous chapter showed that neutral points are not
influenced by the characteristics of the ground, only the
state of the atmosphere itself. That is, most of the scatter
often observed in the neutral point data can be attributed
to daily variations in tropospheric turbidity. It seems rea-
sonable to try to compensate or correct for these day-to-day
variations because they may overshadow any movement in the
points caused by the presence volcanic aerosols. This sec-
tion describes the methods wused to compensate for tropo-
spheric effects during nonvolcanic and volcanic periods.

Volz then discusses his examination of the turbidity-cor-

rected data.
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5.1 Nonvolcanic Periods
Using Figures 5a, 5b and similar plots for the other
fixed solar elevation angles, the first step in the correc-
tion scheme was to draw best-fit curves through the data,
and to record the values for DA and DB corresponding to a
turbidity of 0.05. Deviations of DA and DB from the values
at a B equal to 0.05 were then estimated for predetermined
values of B by subtracting the value for DA and DB along the
curve from the value measured at 0.05. As an example, Figure
8 illustrates how the correction, A DA, is derived for an
atmospheric turbidity of 0.2 (see Tables 3 and 4 for the
complete set of corrections for DA and DB). The correctiocons
were then applied to the neutral point data prior to the El
Chichon eruption and after May 1983. This was done by match-
ing the observed atmospheric turbidity for a given set of
data with the turbidity wvalues in Tables 3 and 4, and by
applying the corresponding correction values. Whenever an
observed turbidity value fell between two of the turbidities
in Tables 3 and 4, the correction was obtained by means of a
linear interpolation between the corrections associated with
the two turbidities.
With the corrections described above, the neutral point
data are normalized in effect, to an atmosphere with 0.05
turbidity. This wvalue of turbidity was chosen because the
majority of the points are clustered around it. The approach
does not take into account other effects caused by the other

parameters in the database and therefore, should be treated
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Table 3. Tropospheric Aerosol Corrections, in Degrees,
for DA at Fixed Values of Atmospheric Turbidity and
Solar Elevation Angle

—]
Solar Elevation Fixed Values of Turbidity !
Angle i
. (Degrees) 0.55 0.35 0.20 0.10 0.05 0.02 0.01 0.0
20 -3.0 -3.0 ~4.0 -2.4 0.0 2.2 4.5 4.5
14 2.0 -3.0 ~5.0 -2.3 0.0 2.7 5.0 5.0
10 4.0 -3.0 ~5.0 -2.8 0.0 2.4 4.4 4.5
6 8.0 -2.0 ~3.5 -2.0 0.0 1.6 3.3 3 31
3 8.0 1.0 ~2.0 -1.15 0.0 1.1 2.8 2.8i
0 6.0 0.0 ~2.0 -1.1 0.0 0.8 2.3 2.3
-2 l 7.0 1.0 -0.5 -1.05 0.0 ~0.1 1.6 1.6,
-4 8.0 4.0 0.0 -0.85 0.0 0.45 2.5 2.5;
-6 8.0 4.0 -2.0 -0.95 0.0 2.0 2.7 2.7;
]

Table 4. Tropospheric Aerosol Corrections, in Degrees,
for DB at Fixed Values of Atmospheric Turbidity and
Solar FElevation Angle

Solar Elevation Fixed Values of Turbidity |
Angle |
(Degrees) 0.55 0.35 0.20 0.10 0.05 0.02 0.01 0.0]
j
1

20 -5.0 -1.0 0.0 -0.3% 0.0 0.0 0.0 0.0
14 -4.0 ~3.0 -2.0 -0.7 0.0 0.25 0.23 0.23&
10 -3.5  -3.0 -2.0 -0.6 0.0 0.1  0.75 0.75|
6 -2.5 -3.0 -2.0 -l.5 0.0 0.5 1.2 1.2 |
3 -2.0 -2.0 -2.0 -1.1 0.0 0.75 1.2 1.2 !
i
0 0.0 ~2.0 -2.0 -1.9 0.0 0.99 1.8 1.8 1
-2 2.0 -2.0 -3.0 -2.0 0.0 1.1 1.6 1.6
-4 2.0 -2.0 -3.0 =-2.0 0.0 1.4 1.7 1.7 |
!
-6 2.0 2.0 -3.0 -2.0 0.0 1.2 1.0 .o
— i A o - _i
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as a first approximation. Furthermore, the scheme assumes
that the contribution to atmospheric turbidity from the
stratospheric aerosols 1s negligible, or at least constant
with time. This 1s probably true for nonvolcanic periods but
not for highly volcanic periods such as the months following

the El1 Chichon eruption.

5.2 Volcanic Periods

To determine to what extent volcanic dust 1in the
stratosphere affects the values of atmospheric turbidity,
volz8 provided the monthly averages of atmospheric turbidity
for the period prior to the El Chichon eruption and the
monthly averages beginning 1n August 1982 (see Table 5). It
is clear from these data that the El1 Chichon dust cloud
caused the atmospheric turbidity to increase substantially
during the period from October 1982 to May 1983. Using mea-
surements of peak optical depths, McCormick et al.? have
monitored the northward movement of the El Chichon cloud.
Their results confirm the presence of the El Chichon aust
cloud over northern midlatitudes «during the same time pe-

riod.

8. Volz, F.E. (1984) Volcanic turbidity, skylight
scattering functions, and sky polarization and
twilight 1n New England during 1483, Appl. Opt. 23:
2589-2593.

9., McCormick, M.P., Swissler, T.d., Fuller, wW., Hunt H.,
and Osborn, M.T. (1Y84) Airborne and ground-based
lidar measurements of the El Chichon stratospherisc
aerosol from 90 degrees N to 96 degrees 8, Geof. Int,
23:187-221. T
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Table 5. Monthly Averages of Turbidity at Lexington,
Massachusetts for the Years 1980 to 1983.
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Year

Month 1980 - 1981 1982 1983

January 0.04 0.075 0.11 !

P

February 0.06 0.08 0.12

XS

March 0.065 0.08 0.125

[ A'd

April 0.075 0.095 0.20

May ! 0.13 0.13 0.17 |

June 0.16 0.17 0.12

July

.y 4 vy
A -‘5ﬁfifﬁff¢?

gl

0.14 0.13 0.1¢

|

l

0.18 0.20 0.11 ;

August i
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WAL

September 0.13 0.135 0.11

october 0.08 0.09 0.05

November ‘ 0.06 0.10 0.04

December : 0.05 0.12 0.05
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Based on the large increases of B, 1t is 1nappropriate i
to apply the correction described in Section 5.1 to the data
taken between October 1982 and May 1483. In effect, one
would be overcompensating for the movement of the neutral
points because the corrections in Section 5.1 are for tropo-
spheric aerosols only. Therefore, the correction scheme was
modified before applying it to data taken during the E1 Chi- .
chon volcanic period. '

Except for one additional step, the method used to com-
pensate for tropospheric effects during the El Chichon vol-
canic period was the same as that for nonvolcanic periods. .
Specifically, first the tropospheric turbidity associated b
with a given set of observations was 1sovlated by subtracting

a turbidity value representative of the El Chichon cloud.

That 1is,
: - ' :
Btrop - B By )
where Btrop is the tropcspheric turbidity and B, 1s the
turbidity of the volcanic dust cloud. Using Btrop in place
of B, the volcanic data was then corrected using the method o

described in Section 5.1 and the set of corrections in Ta-

bles 3 and 4.

 Joy e

s "1 s

Monthly values for Bv' were obtained by subtracting the

-

average values of turbidity for each month of the El Chichon

volcanic period (E;) from the average values for the same

28
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months during 1980 and 1981 (Bnonv)' That is, 4
By' = By - Bhonv ;

for each month. Here it should be noted that the day-to-day

variations in the El1 Chichon cloud are assumed to be rela-

tively small. This seems reasonable because the cloud was

well mixed by the time it reached the latitude of the obser-

s

vations and therefore, any changes in the turbidity of the .
cloud should be slowly varying with time. The monthly values 1
of B,' are given in Table 6. .
.

r3

,

Table 6. Monthly Values of the Turbidity of the El y
Chichon Dust Cloud (B '), from Measurements at Bedford A
and Lexington, Massachusetts .

-

,

’

1982 1983 4

Oct. Nov. Dec. Jan Feb Mar Apr. May i
0.01 0.04 0.07 0.07 0.06 0.06 0.12 0.04 ;

r e

ol o ]

5.3 Examination of the Corrected Data

With the average turbidity effects removed, plots in
the form of Figqures 2 and 3 were prepared for all the neu-
tral point data. Many probable defects were noted, espe- A
cially by looking at the deviations from the seasonal trend
of DBA. In most cases, Volz could determine the source of {

the error and the data were edited accordingly. A number




1]

4

of errors also arcse from wrong turbidity values and from t
incorrect classification as not being cirrus-veil cases. ]
The complete database has not been included as a part 1

of this report because it is too extensive. Copies of the '“
turbidity-corrected data can be obtained from Volz at AFGL. 3
The turbiaities reported with the turbidity-corrected data . 3
already have the monthly values of Bv' subtracted. If a tur- ;
bidity equaled zero after subtracting Bv" that turbidity ;
has been given a value of 0.02. ;
:

6. PRESENTATION OF THE DATA BY GROUP AVERAGES t:
In Chapter 4 it was shown that the neutral points were .

not affected by the characteristics of the ground, only by ;
the state of the atmosphere. As a result, Chapter 5 was an :

attenpt to eliminate the movement in the neutral points
caused by tropospheric aerosols. ?
The corrected neutral point data is now presented in a A
manner that reveals their behavior during various strato- t:
spheric phenomena. Specificalily, the stratospheric aerosol Ef
number densities and observed twilight color ratios will be i
used as gquides tc separate the data into groups that coin-

cide with the time periods of known volcanic 1nfluences ;‘
.

(minor and major) and seasonal events. In effect, the group- i
ing of sets of observations allows the entire data set to be ;
presented in a compact form and still resolve any movement ;ﬂ
in the neutral points caused by a change 1in the strato- ;A
i

spheric aerosol. -
g
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6.1 Grouping

The grouping of the data was hased primarly on strato-
spheric aerosol data, but measurements of the twilight color
ratios (CR) were considered because they contain details
that may help explain the behavior of the neutral points.
Figure 9 1is a comparision between the CR measurements by
Volz at Bedford, Massachusetts and the stratospheric aerosol
concentrations measured with a balloon-borne dustsonde by

10

Hoffman and Rosen~". The stratospheric aerosol measurements

were taken every four to five weeks near Laramie, Wyoming

(42N) and have fluctuations of 5 to 20%. Figure 9 indicates
that the CR measurements follow the same trends as the
Hoffman and Rosen data, but the CR are always lower during
spring and summer than in the fall and winter. The lower
values of CR may be due to the higher turbidity near the
tropopause during the spring and summer. Therefore, 1in
addition to the nonvolcanic, moderate and strong volcanic
periods, groups of spring/summer and fall/winter CR
conditions were distinguished in the graphs and 1in the
numerical evaluation. Details on the 40 groups selected are
given in Table 7. Unfortunately, the detailed trend of CR
during the El Chichon period was not available at the time
Table 7 was prepared and therefore, the grouping of data in
the El Chichon period was not optimal.

The average values and standard deviations of DA and

DB and average values of DBA were then calculated for each

10. Hoffman, D., and Rosen, J. (1986) Atmospheric effects,
SEAN Bull. 11:No.5, 20.
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Table 7. The Grouping of the Neutral Point Data

Time Period ‘J—— ] i \}
~ Group Start T End Record N
Number Date Date Numbers Classification Comrent s
1 4/12/68 6/20,68 13-23 WV St1ll Remnants of Volcanic Aerosols }
‘ trem Several Tropical [ruptions |
i tbetween 14967 ana rueet
2 6/21/68 7/31/68 24-34 Wy-s ! |
3 4/11/68 7/28/68 35-64 WV l %
4 10/1/h8 10/31/68 65-95 WV ! - :
5 1/11/68 12/1/769 96-154 WV 1 Slightiy Lower ©R Than 1n Frewvicus
[ Period
6 1/15/69 2/16/69 155-174 WV-5 | Srart of Spring Fffect
7 3/4/68 4,/30/68 180-214 wWV-S
8 5/1/68 6,/30/68 215-446 WV Kising CR
9 7719/64 V30769 247-290 wv High Level of Ok
10 10/1/69 11/21/6% 291-316 wv Local Peak of R
i1 12/4/69 1,31/70 317-367 - Sudden Drop of Volcanio CR
12 2/13/70 3/30/70 368-405 (NV-5) Stable apd Low UK
13 4/3/70 7/9/70 406-~440 NV-¢ Typical Spring/Summer Minimun
14 8/4,70 1/723/71 441-511 NV-F Higher CR
15 2/1/71 1/3/71 512-5%2 NV-S Sudden Drop ef R
16 B/S/71 a,26/71 553-9571 - Higher and Fluctuatina R
17 10,1/71 1/3/72 572-604 WV Sudden Arrival ot Fuege hAeresol and
Strong Twilight Colors: fruption wWae
on 4/ 1471 1n Guatomalo
1R 271772 2/,16/72 610-623 {wWV) Ind Phase of Fuegoe Twaliabte
19 [ 2,22/72 7/30/72 624-643 NV -5 Spring. Summer Minimum of CR
20 B/4,72 1/30/73 644-714 NV-F f Hiqglher CH LAfter a Few May and Carose
Ol vervat peng)
21 2/4/173 B,16/73 715755 NV-S - \1
22 9/10/73 2/24/74 756-820 NV-F - i
23 3/7/74 6/14/74 B21-R39 NV-S Very Lew OB |
24 7/6,74 11/710/74 R40-871 NV -F Kising CR, Pessibly frem Fuego [
Lroptrons of 10,74
25 11/727/,74 12/1R/74 H72-84) Wy Cetairite Arr.val of Fuego Acrosal 1
| y B} AU A L o N j
53
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Table 7. (cont.)
Time Period
Group Start End Record .
Number Date Date Numbers Classification Comments

26 12/26/74 2/26/75 882-898 wv Bulk of Fuego Aerosol

27 3/3/75 9/29/75 899-918 wWV-5S Weak Spring/Summer Minimum of CR

28 10/7/75 1/6/76 919-926 (WV) High CR

29 1/10/76 7/25/76 927-937 NV-S Decrease of CR

30 9/6/76 3/11/77 938-959 NV-F Higher CR

THREE YFAR GAP IN DATA

31 5/22/80 5/28/80 960 -964 NV-F Mt. St. Helens Eruptions On and
After 5/18/80; No Enhanced Twilights
Observed in Bedford, MA

32 10/31/81 10/2/82 965-995 wv After the Eruption of El Chichon
from 4/3/82 to 4/4/82 in Mexico, the
Increase in Twilight Effects Were
Probably Due to the Volcanic Aerosol
Arraving in the Lower Stratosphere

33 16/10/82 11/2?7/82 996-1019 v $t1ll Increasing Twilight Effects;
Measurable Turbidity Increases and
significant Changes in Neutral
Points, First in DB

34 12/4/82 3/26/83 1020-1056 v Bulk of the El Chichon Aerosol; Some
Twilight Displays Indicate That the
Dust Layer 1s Very High in the .
Stratosphere, Possibly in Relation {
to the Recovering of DB from 1 to 3 '
Degrees Solar Depression Angle.

35 4/23/83 8/25/83 1057-1099 (v-5) Slowly Declining Volcanic Effects
and Lower CR

36 9/1/83 2/27/84 1100-1140 MV Slowly Declining Vmlcanic Effects

37 3/1/84 7/2%/84 1141-1177 MV -5 Further Declining Volcanic Effects

39 8/8/84 1/29/85 1178-1239 {MV) Last Traces of the Scattering by the
El Chichon Acrosol Disappear from
the Daytime Sky

39 2/10/85 11/23/85 1240-1295 Wv-5 Neutral Points Nearly Normal

40 12/2/85 6/17/86 1296-1357 (WV) Neutral Points Normal

* Classification:

- Strong Volcanic Period and Neutral Points Strangly Affected
- Moderate Volcanic Period and Neutral Points Barely Aftected

- Weak Volcanic Period and No Etfect on Neutral

- Nonvolcanic Period
- $pring/Summer Minimum ot CR
- Fall/winter Maximum of CR

wWeak Fffects

Points
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of the groups in Table 7 (see Tables 8, Y and lu/. Wher

computing the averages, data having a turbidity greater than
0.30 or cirrus clouds present at the time of observat:on
were not included. Furthermore, some groups did not  have
data at 20 and -6 degrees solar elevation angle and there-
fore, values had to be estimated. "hese values are dencted

in brackets.

6.2 3-D Plots and Staggered Plots

N
Figures 10, 11 and 12 are 3-D plcts of DA, I'B and DBA N
,:\.
. . . ™
respectively, as a function of sclar elevaticrn angle  and o
-
group number. The vertical axes have beer. chosen so that DA,
DB and DBA all have the same scale. Nute that the plotting
package has assigned equally spaced intervals Petween the
nine fixed solar elevaticn angles and, theretore, the ata
at the far left has been coumpressed. Alsc, the perspect . ve
of the 3-D plots causes tre Y1 Chichorn peak to Lide post ot
the later profiles. By reversing the Lequence of groops 10
A
. . Y
to 40, the slow decline of [IB 15 showl irn Figuie 4. R
Staggered plots of DA, DB ana DBA are giated on Figare s ;
v
ld4a, 14b and l4c for the 40 groups. Lo = atcaro a0 . 1
of DA and DB have been plotted as vertioal tar- b g oLre s
l4a, 14b and l4c. In contrast oty Ll plors, v
staggered plots Lave sclar  cievat o a0 IR T B
proper spacing npetween o D N (KR SRR B B T -
gles. -
[ 4
e a5, N - 3
L S A A \- ~. IR N e e e e . . o
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Table 8. Averaged Values of DA and Their Standard
Deviations (In Parenthesis) for the Groups in Table 7.
The Brackets Indicate Those Values That Have Been
Estimated. Alsco, a Standard Deviation of 0.0 Means
That Only Cne Observation Was Available

(—— I ST =
[
Solar Flevation Angle (Degrees)
Group
Number 20 14 10 6 3 0 -2 -4 -6
SO S
1 21.1 21.4 21.0 21.8 22.9 21.9 20.1 20.1 21.4
(0.6)  (1.7) (1.3} (}1.2) (l.0) (0.7) (1.4} (0.4) {2.7)
2 (21.3] 21.8 20.7 21.7 21.2 20.4 20.0 20.0 22.5
16.4) (0.4)  (0.9) (1.0} (0.6) (0.4) (1.4} (0.9)
3 21.3 23.2 22.7 22.2 21.8 20.9 21.0 21.7 25.3
(L.4)  (1.1)  (1.5) (1.3) (1.2} (l.1) tl.1) (2.0) (2.1}
4 23.8 24.0 23.5 23.0 23.1 22.1 22.9 23.3 28.2
(1.3)  (1.%)  (1.3) (1.3) (l.4) (1.3) (2.0) (2.1) (2.3)
5 20.9 21.5 22.1 22.1 21.5 20.7 20.7 20.2 23.9
£0.2)  (1.1) (0.9) (1.0) (0.9) (0.9) (1.6) (1.4) (3.7)
6 21.1 213 21.4 21.5 20.4 19.3 18.4 18.9 21.7
(0.9) 1.2, (1.0 (1.2) (1.1) (0.7) (0.7) (0.8) (0.9)
7 20.2 21.4 21.2 21.5 21.0 19.8 18.9 19.3 22,2
(1.3)  (l.e) (1.0) 10.9) (0.9) (l.0) f1.0) (1.1} (2.8)
8 20.6 21.5 22.2 22.1 21.7 19.9 19.5 20.0 22.8
(1.7)  (1.6)  (1.5) (1.7} (1.3) (1.7) (1.2} {1.1) (2.6}
9 215 21.5 21.4 21.6 20.7 19.9 19.5 21.1 24.1
(1.4; (1.9)  (1.9)  (1.1) (1.3} (0.8) (0.8) (0.9) (2.2}
10 21.0 22.3 22.4 21.9 21.7 20.7 20.6 21.7 24.0
(1.4) (1.2) (1.2 (0.7)  (0.6) (1.0) (1.0)  (0.9) (0.0)
11 21.5 22.2 22.0 21.9 21.2 20.2 19.5 .8 5.9
BEKEEEE (1.4)  (1.1) (1.0) (0.9) (0.9}  {0.9) (1.0) (1.6}
12 | 22.4 21.8 22.0 21.9 21.1 19.8 19.3 20.6 24.2
l (0.9 (0.9) (0.8) (0.6) (6.7) (0.7} (0.7) (0.6} (0.4)
13 18.7 20.9 20.9 21.2 20.8 9.5 18.8 19.9 26.4
(2.61  (2.1)  {1.5) {0.7) (0D.6) {l1.1)  (1.5) (1.7) (1.
i 20.6 20.9 20.8 20.2 20.0 18.9 18.7 20.4 25.0
(1.6} £2.1) 11.8) (1.sy  (1.3) (1.3 t1.2)  (1.0)  (1.8)
ST
N bo20.9 20.0 21.8 21.0 20.2 19.6 19.1 19.5 24.1
i [ t0.8) (1.7) (0.9) (0.8) (1.2) (1.1} (0.6) (0.7) (0.8)
. ! PR 22.0 21.9 21.8 21,0 19.2 19.0 19.7 24.5
[ oa i0.91 (0.9 (0.6) (0.9 (0.95) (0.61  (0.8) (1.1)
;o ) 0.5 219 0.8 20.4 20,2 19.4 19.0 21.4 26.0
. 0,00 t1.8) (1.6) (1.2 (1.2} 10.9) 10.8) (1.0)  (1.5)
|
Y 1 2.1 22.8 22.1 21.3 21,0 19.8 19 6 21.4 23.7
| L0.Gi 1041 (0,61 (1.5)  (0.61 (0.8] (6.7)  (G.8)  (0.0)
! KO I I P 1.6 21.6 21,4 17.9 18.6 20,2 [25.0]
: NG 2.0 (1.1) (0.8: 10.8) (0.6} t1.s)
‘ it PPN a1 214 20 .9 20} 19.0 18.8 20.9 24.0
’ . Lok - U (0.91  (1.0) 0.y} 1.0 (1.3 (6.4)
1E,
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Table 8. (cont.)

Solar Elevation Angle (Degrees)
Group

Number 20 14 10 6 3 0 -2 -4 -6
21 21.8 21.6 21.2 21.1 20.5 19,0 18.6 20.3 24.6
(2.4) (1.9) (1.6) (0.9} (0.9) (0.9) (0.8) (1.1) (2.6)

22 21.4 21.7 20.0 20.0 20.0 19.0 18.7 21.0 25.4
(0.7) (1.6) (1.5} (0.9) (0.8) (0.7) (0.9) (1.1 (2.1}

23 [21.2] 21.3 20.9 20.5 19.7 18.6 18.3 20.2 24.7
(1.2) (0.8} (0.8} (0.7) (0.5) (0.9) t1.2) (2.3)

24 20.2 20.3 20.9 20.5 20.0 19.1 18.6 21.2 28.2
(0.0} (1.2) (1.0) (0.7) (0.9) (1.1) (1.0) (1.2) (2.5)

25 [23.0] 24.0 22.2 22.5 21.8 20.7 20.5 21.4 26.3
(0.0) (1.7) (1.2) (1.1) (1.2) (1.4) (1.3} (2.3)

26 20.3 22.3 21.9 22.3 22.3 21.6 20.5 21.0 25.2
(0.8) (0.5) (1.5) (l.1) (0.8) (1.3) (1.0) (1.4) (2.3)

27 [21.5] 21.6 22 .4 22.5 22.2 20.9 20.2 20.8 22.3
(2.5) (1.0) (0.9) (1.0} (1.2) (1.1 {0.8) (2.8)

28 [22.3) 22.5 22.1 21.6 20.8 20.1 19.3 21.6 25.5
(0.0} (1.4) (1.1 (0.7) (0.8) (0.7) (0.4) 1.5}

29 [21.5] 20.8 20.5 21.1 20.4 19.5 19.2 21.2 25.1
(0.0) (1.9) (0.8) (0.8) (1.1) (1.0) (2.3) (1.6)

30 20.5 21.2 21.3 21.2 20.9 19.7 19.8 21.5 27.2
(0.0) (0.6) (0.9} (1.5) (1.0) (0.8) (0.6) (1.2) (1.3)

31 22.0 22.0 21.7 21.7 20.3 19.1 17.8 26.6 23.0
(0.0) (0.0) (0.7) (0.8) (1.0} (1.1) (0.8) (1.8} (0.0)

32 22.2 22.1 22.0 21.8 21.7 20.8 19.8 21.6 25.5
(1.5) (1.1) (1.1} (1.2) (1.8) (1.4) {1.5) (1.4) (2.9)

33 26.6 27.2 25.8 26.7 26.5 24.7 21.8 22.8 24.7
(1.4) (2.5) (3.5) (3.1) (2.8) (2.6) (1.7) (2.5) (3.9)

34 29.5 30.9 31.5 31.7 3l.6 26.4 20.8 21.6 26.0
(1.6) (2.2) (2.3) (1.6) (1.5) (2.2) (2.4) (2.0} (2.9)

35 25.8 24 .7 25.5 26.6 27.4 24.6 21.7 22.0 24.6
(3.7) (1.9) (2.0) {1.5) (1.5} (1.0) (2.1) (1.6) (2.6)

36 22.8 23.9 24.9 25.7 26.0 24.2 22.3 22.4 23.9
(1.7 (1.5) (1.6} (1.4} (1.2} (1.2) (1.4) (1.4) {2.6)

37 22.8 23.1 24.1 25.0 25.5 23.9 21.1 21.9 25.2
(1.9) {1.3) (1.2} (1.3) (1.5) (1.2) (1.1 (1.2) (1.0)

38 23.1 23.9 23.9 23.6 23.7 23.1 22.4 23.2 25.9
(1.6) (1.3) (1.5) (1.1} (1.2) (1.2) (1.5) (1.%) (2.3)

39 22.2 22.2 22.2 22.2 22.3 22.3 21.2 21.5 2%.4
(1.4) (1.3) (1.2) (1.1) (1.4) (1.6) (1.1) (1.2) (1.3)

40 22.6 22.8 23.0 23.1 22.5 21.8 21.2 5 27.8

(1.1} (1.1) (1.1) (1.2} (1.2) (1.0} (1.0} (1.9} (2.4) J
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Table 9. Averaged Values of DB and Their Standard
Deviations (In Parenthesis) for the Groups in Table 7.
The Brackets Indicate Those Values That Have Been
Estimated. Also, a Standard Deviation of 0.0 Means That
Only One Observation Was Available

f— ——————
i Solar Elevation Angle {(Degrees)
Group i
Number 20 14 10 [ 3 0 -2 -4 -6
1 16.9 15.4 16.2 21.1 23.9 25.3 24.8 23.0 23.4
(0.0} (0.0) (1.7) (1.2) (0.7) (1.7) (0.1) (0.6) (2.2)
2 14.7 14.6 15.1 16.7 20.2 19.7 20.9 20.7 22.7
(6.0) (0.8) (0.9) (1.1} (1.9) (1.6) (1.7) (1.3) (0.8)
3 12.9 13.1 14.7 16.8 18.7 20.3 20.2 19.8 21.6
(1.2) (1.6} (1.2) (1.2) (1.2} (1.1) (1.0) (1.3) (2.3)
4 12.6 14.6 l6.1 18.2 20.1 21.6 21.7 21.4 22.3
(1.2) (1.9) (1.8) (1.2) (1.%) (1.5) (1.4) (2.2) (2.3)
5 11.5 14.6 15.6 17.1 18.5 19.7 19.8 19.4 .3
(1.3) (1.6) (1.9) (1.2) (1.2) (1.3) (1.%5) (1.2] (1.4}
6 12.6 14.1 15.1 17.3 1.6 19.5 19.3 18.4 18.7
(0.8} (2.1) (1.5} (1.1) (1.0) (0.9) {1.2) (1.8) (1.8)
7 11.9 13.9 15.1 16.4 17.7 19.0 18.5 17.8 15.9
{2.0) (1.%) (1.6) (1.1) (1.1) (1.3) (1.1) (1.3) (1.3)
] 12.6 13.0 i%.0 16.2 17.4 18.6 18.2 17.9 18.7
(1.8) (1.7 (1.9) (1.6) (1.8} (1.7) (1.7) (1.5) (1.8)
d
} 9 11.7 12.3 13.8 15.4 17.1 18.6 19.0 18.95 20.1 r
(1.6) (2.1) (2.3) (1.9) (1.2) (1.4) (1.0) (1.1) (1.2) ~
10 12.4 13.2 14.5 16.1 18.0 19.4 19.6 20.4 19.2 .
(1.3) (1.8) {1.7) (1.0) (0.9} (1.2) (1.4) (1.6) (0.0) “~
11 12.7 14.2 15.5 16.7 18,1 19.1 19.3 19.0 20.8 ‘e
(1.3) (1.0) (1.4) (1.3) t1.2) (1.3) (1.5) (1.3) (1.9) }
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Table 9 (cont.)

|
|
|

Solar klevation Angle (Degrees)
) Group
Number 20 14 10 6 3 0 -2 -4 -6
~ 4
. 21 12.1 13.5 14.8 15.7 16.4 17.4 17.3 17.4 17.4
(1.8)  (1.2) (1.1}  (0.9) (1.2) (1.2} (1.2) (1.1} (0.9
22 11.7 12.7 14.1 15.8 16.5 17.0 17.2 17.1 17.3
1.3)  (2.9)  (2.3)  (2.1)  (1.2)  (1.0) (1.0)  ().Ood tr.2
23 12.0 13.3 l3.e 14,5 15.% lo.4 15.9 15.3 .9
(0.9) (0.8) (1.1} (0.9) (0.8) (L.0) (0.8} (0.9} (1.1)
1
24 12.0 13.4 14.4 15.5 16.3 17.0 17.3 17.0 17.2 .
{2.0) (1.7} (1.6)  (l.4)  (L.1) (1.0}  (0.9) (l.1) (0.8} o
25 12.0 14.9 15.4 16.6 17.4 18.4 18.2 18.2 19.1
(2.5)  (1.3) (1.8) (l.4)  (1.2) (1.3) {1.2) (0.%) (1.7 ;{
~
26 11.6 13.6 14.2 16.2 17.4 18.1 18.2 17.7 17.5 X
(0.4)  (0.9) (1.7) (1.5} (1.6) (l.6) ().4) (1.3) (l.6) ‘a
‘.,
27 15.6 16.6 15.4 16.7 17.6 18.4 17.8 17.3 17.3 2
(0.0)  (0.9)  (2.0) (1.7)  (1.2) (l.2] (1.4) ().3)  (1.%) ;5
28 12.0 13.7 14.5 16.9 17.8 18.6 18.8 19.9 18.9 o
(0.0)  (9.9) (1.9) (2.0} (1l.7) (1.6) (i.1) (1.1}  (l.4) A
29 11.5 13.8 13.5 14.9 17.0 17.6 17.4 17.6 16.5 ui
(0.6)  (0.3) (1.5) (1.9) (l.6)  (1.3) (1.3) (2.5) (1. o
30 9.6 12.3  14.0  15.4  16.3  17.6  17.6  17.4  17.0 "
(1.2)  (1.5) (1.1} (1.1} (0.6) (D.7) (0.7) (0.7} (0.7) .
31 12.% 13.6 14.1 15.1 15.8 16.6 15.0 14.4 lo.2
(0.2)  (1.0) (0.7) (0.6) {0.9]) (6.9}  (0.5) (0.6) (0.0)
32 11.2 13.0 14.4 15.8 l6.3 17.1 17.4 17.9 18.4
(1.0) (1.7} (1.8)  {(1.9) (2.0) (2.3) (2.4) (2.4} (2.1}
33 Ig.8 19.5 20.2 23.2 27.) 29.9 23.4 22.5 4.4
€5.6)  (4.8)  (5.5) (5.9}  (6.3) (5.9) {2.2) (4.1}  (4.2)
34 25.2 28.4 2.1 i6.9 41.1 34.7 23.4 20.6 21.7
(2.5) (2.9} (3.0}  (2.8) (2.9) (4.7) (3.9}  £3.9)  i2.%5)
35 ly.2 22.6 25.0 29.1 33.0 32.7 24.2 23.2 21.3
(2.7)  (2.8)  (2.8) (3.7) (3.6) (2.7) (2.3) (4.1) (2.9)
36 l6.8 20.4 23.5 26.5 29.3 29.6 25.1 2.7 21
(3.2)  (3.4)  {3.3)  (3.0) (3.0) (3.0) (2.1}  (3.8) «(2.7)
i
37 1.4 19.2 21.5 24.2 27.5 24.3 24.2 19.7 19.9 i
4. 3.8 (4.2) 0 (4.0) 0 (3.9) (2.6) (2.1) (260 (2.1
38 14.7 16.3 17.6 20.2 22.7 24.7 24.8 22.2 21.7 [
(1.8)  (2.2) (2.0) (2.1} (1.9) (2.4) 2.1y (2.3 L.
39 14.4 15.6 17.1 18.4 20.0 21.8 22.1 20.2 19.7
(2.3) (2.6} (2.5} (2.2) (2.6) (2.4) (L.4) (1.6} (1.1}
40 13.4 14.5 19,5 17.4 18.7 19.6 19.7 19.1 19.3
(1.5)  (l.8)  (1.4) (1.8)  (1.5)  (1.5) (l.4) (1.6) {(2.3)
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3-D Plot of DA for the Groups Given in
o

For Reference, the Approximate Time Scale Is

Given Along the Group Number Axis
3~-D Plot of DB for the Groups Given in
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Figure 10.
Table 7.
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Figure 12. 3-D Plot of DBA for the Group:s Given 1ij
Table 7

Figure 13. 3-D Plot Showing tne Decline of DB During
the El1 Chichon Period
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Figure 14. Staggered Plots of DA, DB, and DBA, in =
Degrees, as a Function of Solar Elevation Angle for the
Group Numbers (a) 1 to 12, (b} 13 to 26, and {(c) 27 to
40 in Table 7. The Standard Deviations Have Been _
Indicated on the DA and DB Plots v
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6.3 Discussion of the Plots

The 3-D plots are more instructive than the staggered
plots because they liring out general trends 1in the data very
well. The flat valley in DA shcrtly after sunset and before
sunrise {(i.e. H between 0 and -4 degrees) 1s a pronounced
feature throughout all of the data. Prior to the El Chichon
period, the surfaces of DA and DB have about the same
smoothness, despite the higher accuracy of the DA measure-
ments. Only the values of DB in the first group (if the
omitted observaticns 1 to 12 in Table 7 are included) seem
to have a significant deviation. This 1s probably due to the
remnants of earlier volcanic eruptions.

In the El Chichon period, DB rises about twice as much
as DA. The high values of DB extend not only to a solar ele-
vation angle of 3 degrees, but sometimes to 0 or -1 degrees.
Figure 13 indicates that the values of DB were near normal
by 1986, just like the stratospheric aerosol counts and CR
data {(Figure 9).

The surface of DBA is generally a flat ridge that
reaches a maximum at a solar elevation angle of 0 degrees.
During the El Chichon period however, a peak protrudes over
the ridge. Also the surface 1s slightly rougher than those
of DA and DB. The edges are especially rough because fewer
observations were taken at -6 and 20 degrees. Incidentally,
the expression

DA + DB -40
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o
produces, even for the El Chichon condition, a very sinalar }{u
course as DBA. iy
23
one ohservation can be made from the staggered plots
-
(see Figure 14): the standard deviations of DA and DB 1in the }Q
N Ve
f-
El Chichon period are larger than those 1n nonvolcanic peri- :;'
fad
, Wl
ods. This suggests that the day-to-day movement of neutral =
-
L
points 1s greater during highly volcanic conditions. No ex- N
planation for this behavior 1s offered at the current time. Eﬁ
=4
In an attempt to find a relationship between the de- ]
tails provided by the CR and the behavior of the neutral Qhﬁ
_ ‘ | o
points, a number c¢f pre-El Chichon groups in Table 7 have NN
o
been separated according to high and low conditions of CR L
'S"..
(see Table 11). Group a is a comparison between neutral o
A
S
»\_-.
point data taken after the arrival of the Fucgo dust clouds fm‘
Ny
of 1971 and 1974 (high CR conditions), and background values .
{low CR conditions). In groups b through f, fall/winter mea- 53'
. L : R
surements (high CR conditions), of the neutral points are =~
el
compared with those for the spring/summer (low CR condi- ]
o
tions). Here it should be noted that group numbers 32 oy
R
o
through 40 1in Table 7 were not included in the analysis be- R
cause these data were dominated by presence ¢f the El Chi- .
chon dust cloud. jiA
.“_:._‘
For group a, no significant differences were found be- tel
S
tween the values ¢t DA, DB and DBA 1n high CR conultaions é‘.
b'}-
v
and those 1n low CR conditions. In light of this, we tedol ~;::
»
N
that the Fuego dust clouds of 197! ana 1974 were probably :\.,;\
]
too diffuse to effect the position of the neutral points, et 4
e
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In contrast, dgroups b through f 1ndicate that  thers o o
-
AL
o>
seasonal movement of DA and DB. In particular, groups t, A
-\ »
-
AJ‘

and d yield essentially the same differences betweer,
fall/winter values of DA, DB and DBA and spring,/ sulmer mea

surements (illustrated for DBA in Figure 15). Groups ¢ and

AR

f, on the other hand, differ from groups b thrcugh u in var-
1ous aspects. Unfortunately, we have no explanation for ti.e
behavior of groups e and f and consequently, feel 1t would
be premature to draw conclusions from the results 1n Fi:gure

15.

wb

ey
A

ADBA

H (degrees)

Figure 15. ADBA as a Function of SsSclar -
Elevation Angle for Superqgroups b through t -
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6.4 Comparison with Other Measurements

6.4.1 Data from Mauna Loa, Hawail1 during the El Chichon
Period

Thee B oOnocnon ddust cloua reached an unusually gredat
altituue ver  *he troplces snhortly atter the eruption. Lidar
returns peakea  at 29 to 27 Kk, compared witi 17 to 22 km on
MOsSt days o The northern miclatitudes, and the optical
thlCkliesses were  Lp to twice afs large also. From his photo-
polarmetric meascroenments during July and August cof 1982 at

1 has derived neutral point data.

Mauna !loca, Hawa.l1, Coulson
H:s data  extit .t muchk more propcunced features (see Figure
Lo whero  compared with  the values 1n Figure 3. In particu-
lar, B rose tc o) degrees ot o solar elevation of 4 de-
grecs, descended momentarily to about 0 degrees at the time
when the sclar rays passed thiougl, the aerosol layer tangen-
tially (i.e. at a refracted solar elevation angle of (0 de-
grees), and  ascended again. To honor the late Kinsell L.
Coulson, who tirst measured these sunset features, we pro-
peses tG nane them Coulson features. In short, Coulson fea-
tures are characterized by a minimum value of DB near sunset
lur sunrise)  and an NCcrease at negative solar elevation
ar.gles.,

In our observations, good examples of the Coulson fea-
tures seem  to have occurred orly on a few evenings between

cetarer (Y8e and January 1983, Four of the hest cases are

shown 1n Figqure 17; thelr similarity to the Hawall results

(1. Coulscn, F.I. 11983) Effects of the El Chichon volcanic
cloua 11 the stratosphere on the polarization of
light trom tne sky, Appl. opt. 22: 1036-1050.
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1s evident. Weaker Coulson features were also observed be-
tween July and September ot 1983, but under less favorable
observation conditions. Interestingly, our Coulscn features
seem to coincide with the time periods when an aerosol layer
was observed above the normal El  Chichon dust c¢loud. The
aerosol layer, which may be the formation of sulfuric acad
droplets trom sultur dioxide gas of the El Chichon eruption,
has been scen at altitudes of up to 40 km (at ncrthern mid-

lati1tudes) 1n the Furopean lidar measurements of Adrianil et

al. 4 ane  the satellite data from Clancyli. Untortunately,
1t o8 too diffacult to contarm oa darect relationshig
between the  Coulsen teatures  andd the  higl acrosol layer.

That 1s, the lidar ana the satellite data are tor dditterent
longitudes and  theretore, tihie wesSt-toeast pn venent o of tin
dust ¢loud npust be accounted for when compar g tie P ipes of

obhservea Coulson fteatures and the higho aeroco ] dToayer .

6.4.2 Historical Data

Ther dTre MdNy Series ol nettroal pooint ol sy rvas o,
the first aating Lack to JHBsG, Moot , bBowever, were o oot
duratior and ntearily all cover only the ool olevat o ey
trom 8 degrees to -5 degrees. Furtterrore, o1t os alttiow?

l12. Adriani, A., Condeduti, b., Gobbi, G.¢., l1g1, K., and
Fiocco, G. (1984) The F1 Chichon Acrosal oloud ob-
served by lidar n Frasacati, March 98 Aparadl Tura:
Lackscattering and extainction, Procecdings of the o
ternational Radiation Symposiun Perugra, ttaly J000H
August 1984, A. Deepak Publashing, Hanpton, Va.

13. Clancy, R. (1986) E1 Chichon and "mystery ¢loud”
aerosols bhetween 30 and 50 km: glotal obscrvations
from the SME visible spoctrometer, Geopliyn . Res
Lett. 13:937-4940.
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to compare series ot observations lbecause tew are averaged
or are on contorming plots. Treretore, it was desirable to
assemble the tistorice data 1nte o un flod format

In the course ot the preouont work, plots an the form ot
Figures 2 and 3 wore procuccd tor mest  of the historical
data. Depicted 11 the lett poert of Figure (8 are the results
from Germany Coennen o the “oars  that tollowed  the
eruptrons b Mt o Scutriere alag Mt Poelve an the spring of
1902. The peaks ot IT'A and DB are the same as 1n cur KBl Chi-
cnon data,  but there s ne tndarcation of o Coulson type an-
crease in the value ot DB atter uneet . Although not shown
1o this  report, oaisen teaturey olso were not chserved at-
teer the  Katros crupt.on of 1 i Alaska. The absence of
the Conlsen teatbries o these hintorical data was probably
e Catine  * e oot tayera o b v tcan o dust did not exast. The
ight pore Gt PG g “ sty o values of DA and DB
teor L HENT S £ P S A R ' IR chidicate that n
SOl et the optccal thiekreos ot the Soufriere and Pelee
Gust o oloudn vt e creaved teoabons 000, Da was nearly nor-
nal 1ut PR was sl s degrees higher than values  arn
penve lean, o poer oo ds,
14. Jensen, . l37) Die Vertoclgung der neutralen Punkte

der atnospharischen Polarrcation an Arnsberg 1.w.
wahrend cilnes Zertraums ven 19 Jahren, Metecr. Z2. 54:

90-97.
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7. Summary p
Ny

The Arago and Babinet neutral points, defined as the ;
distances DA and DB from the antisolar and solar angle re- :
spectively, were c¢btained at Bedford and Lexington, Mas- E
sachusetts, for most of the years between 1968 and 1986. i
Neutral point data at nine fixed solar elevations formed the }
o

basls for the present effort. Many observations extend to El
solar elevations of 20 degrees and -6 degrees. The data have S:
been checked carefully for errors and combined with addi- v
tional measurements of atmospheric turbidity, turbidity T
type, cloud cover, solar aureole and twilight color ratio. o
The resulting database consists of a total of about 1300 :
morning and evening observation sets. E‘
The main purpose of the present effort was to assess i'

the seemingly undetectable effects of the two moderate vol- f
canic dust veils of Fuego in 1971 and 1974, and the large E
effect after the El Chichorn eruption of 1982. Prior to this, E
the effect of tropospheric turbidity on the neutral points R
was determined using the data precceeding 1980. The neutral Z}
points were then corrected accordingly. In addition, the ef- i;
fects of snow covered ground and sea surface reflection of i%
M

sunlight on the neutral points were found to be negligible. in
The data set was subdivided into 40 groups for plotting 3
purposes. The grouping was based primarily on stratospheric i:
acrosol data, but the detarls ot the twilight color ratio ﬁ
measurenents were  also considered. A number of observations &
were made trom the the plots: iﬁ,
s “:
o~
ey
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1) the surface of DA contains a pronounced flat valley
near a solar elevation angle of -2 degrees

2) for the pre-El Chichon period, the 3-D plot of DBA
has & much rougher surface than that of DA and DB

3) the El Chichon effect on the data took at least three
years to subside

4) the grouping of the data according to high and low
values of CR seems to have yielded signatures for the
spring to fall effect

5) the weak eruptions of Fuego were not detectable

6) the standard deviations of the neutral point data in
the E1 Chichon period were larger than those in non-
volcanic periods

Dur data were then compared with measurements made by
other researchers. 1In general, the increase of DB and DA
during the El Chichon episocde was smaller than it was ini-
tially in the tropics. During the Fall of 1982 and early
Winter of 1983 however, the high values sometimes continued
at negative solar elevation angles, with a sharp minimum in-
tervening at actual sunset or sunrise (that is, at 0 degrees
refracted solar elevation angle). These "Coulson features,"
which seem to have been caused by the especially agreat
height of the El Chichon dust cloud and the reduced volcanic
turbidity at lower altitudes, were not observed after the

eruptions of 1902 and 1911, probably because the high layers

of volcanic dust did not exist.
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Appendix

Additional Parameters in the Database

A.1 Turbidity Type

The Turbidity Type (TT) is a qualitative observation
that gives a sensitive indication of the size distribution
in the radius range from about 0.2 to 2 microns. The obser-
vations were made at a solar elevation angle of about 25 de-
grees and require the use of brown sunglasses, both for re-
duction of glare and for the supression of molecular scat-
tering. Cold air inflow 1is often characterized by strong
forward scattering and by blue sky farther than three de-
grees from the sun (TT=1.3). By contrast, hazier skies may
exhibit a nearly constant brightness (and color) up to 20
degrees away from the sun (TT=2.0)}. The turbidity type 18

stored in the database as 1T x 10.

A.2 Solar Aureole

Normally, the sKky around the sun 1s very brignt due
the forward scattering by dust partaicles and pollen. These
particles typically have diameters between about 2 oand 30

microns, comparable in size to fcg and cloua droplets. As
shown by observations in the course of a clear day, the dust
and pollen are lifted by wind and turbulence from the sul-
face i1ndustry and road traffic, They are  Kept afleat by

convect.ion.
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Rather crude estimates of aurecle brightness (A) were e
l\
obtained until 1974 by locking at the sky about 0.5 degrees -
from the sun, from the shadow ¢f a distant roof. 1f with the .
{
o
unaided eye, the aureole was not glaring or was barely ’ -,
-t
o
glaring, the designation was A=0. 1{f one sunglass was needed fﬁ’
to reduce glare sufficiently, then A=1, etc. Sky conditions A
.'-:
with cirrus veils can easily be recognized by this method o
because these ice crystals have very strong forward T
scattering up to U.2 degrees from the sun. The brownish N
.':\.
sunglasses used to make the measurements had an  optical }f
density between 1.0 and 1.3 for wavelengths between 0.45 and -
0.5%5 microns, and 0.5 at wavelengths of 0.64 anrd 0.35 j:
N
microns. s
A.3 <Color Ratio ~A
s
.-\.f
%!
The logar:thm of the color ratio (LCR) is derived from ~N
| | ; | | o~
continuous recordings during twilight of the sky's intensity I
at wavelergths  of 0,53 microns (G) and 0.85 microns (U) at -
e
JU degreve  slevation it the sclar aziruth., At four to five N
N
cogrecs o lar cepression angle, the intensity at U responds e
L
Soct s rtrongly ot o amount of valcanie aerosol. The U in- f{-
tels.t il e drwer nowever, 1t oolouds at, or beyond the _’
Sulser Neriyen o satt o the tolth shauow SCoas to reduce the 11- . "C}
-3
doorat i b e stratospher o acrescl (as often evidenced o
. o s CuLal o td, . At UL % macrons, the  solar 11lumina- N
T
) . \;-.
toon ot thee ot1a* =ptere 1 nuch weaker during the twilight ,
ar o freor Pyt Lolecanic o aerosel ard c¢loud shadows are 3Q“
T,
_'-:_\
, o
R,
':\
-_--_’-;,'_“‘:‘:_.'::('-"”_.\'_.; RSN ..~ [ St et el . L. v \.\-:-




barely recognizable. Therefore, the intensity decrease at G

serves as stable reference for that at U:

LCR:lOglO [(U/G)4 degrees /(U/G)O degrees}'
It follows that for periods of a few months duration, the
upper level of LCR corresponds to twilights undisturbed by
distant clouds (whether volcanic or not), while reduced LCR
could indicate such cloud disturbances. Because the neutral
point observations were made in white light ( ) eff = 0.55

microns), it is unlikely that they will respond to the cloud

disturbance indicated by the LCR values.
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